Objective-To study whether qualitative changes in high-density lipoprotein (HDL) phospholipids mediate part of the beneficial effects of alcohol on atherosclerosis, we investigated whether phosphatidylethanol (PEth) in HDL particles affects the secretion of vascular endothelial growth factor (VEGF) from endothelial cells. Methods and Results-PEth increased the secretion of VEGF into the culture medium of EA.hy 926 endothelial cells. The mitogen-activated protein kinase (MAPK) phosphorylation increased by 3.3-fold and protein kinase C (PKC) by 2.2-fold by PEth-containing HDL. Moreover, we showed that intravenous injection of PEth incorporated into HDL particles increased plasma concentration of VEGF by 2.4-fold in rats in vivo. Similar effect was observed when the rats were injected with HDL particles isolated from alcohol drinkers.
terol concentration, HDL phospholipid concentration also correlates inversely with the severity of coronary artery disease. 1 In addition, the ability of reconstituted HDL particles to inhibit endothelial cell adhesion molecule expression depends on their phospholipid composition, which also emphasizes the importance of phospholipids for the putative antiatherogenic functions of HDL particles. 2 Previous epidemiological studies have shown that even light or moderate alcohol consumption has protective effects against coronary heart disease. 3 A large part of the protective effects could be mediated by an increase in HDL cholesterol, but the exact mechanisms are not known. 4 -8 HDL may play a crucial role in reverse cholesterol transport. Some data suggest, however, that alcohol does not enhance reverse cholesterol transport despite its increasing effect on the plasma HDL cholesterol concentration. 9 -11 HDL may also have other functions unrelated to its role in reverse cholesterol transport, for example, HDL particles seem to be able to regulate the expression or abundance of various growth factors, endothelial nitric oxide synthase, cytokines, and adhesion molecules. 2, [12] [13] [14] [15] [16] [17] Alcohol drinkers have elevated serum levels of adhesion molecules, but the mechanism of increase is not known. 18 The fact that even light alcohol consumption of 1 drink twice per week protects against atherosclerosis compared with total abstinence is difficult to explain, because such a low level of drinking does not affect the HDL cholesterol concentration. 8, 19 A plausible explanation for the effect of moderate drinking may be provided by our new hypothesis suggesting that the sustained action of occasional drinking is caused by the involvement of lipoproteins as carriers of phosphatidylethanol (PEth).
PEth, structurally an ethanol adduct of phosphatidic acid (a lipid second messenger), is formed in the presence of ethanol and affects cellular metabolism and function. 20 -24 Ethanol itself has been shown to induce in vitro angiogenesis in the cultured endothelial cells by the activation of protein kinase C (PKC) and mitogen-activated protein kinase (MAPK). 25 The present research demonstrates that PEth markedly increases the secretion of vascular endothelial growth factor (VEGF) in cultured endothelial cells and increases its plasma concentration in experimental animals in vivo. This effect of lipoprotein-associated PEth is mediated mainly by MAPK.
Methods
Please see online Methods section at http://atvb.ahajournals.org for further details.
Subjects
Male alcoholic subjects (nϭ17) referred by general practitioners for withdrawal therapy to the Alcoholism Treatment Unit of Oulu and healthy nonalcoholic men (nϭ17) recruited from among the local paper mill employees were recruited for blood tests. Venous blood samples were taken from subjects after an overnight fast. The clinical characteristics of the study subjects are shown in Table I (available online at http://atvb.ahajournals.org).
Animals
Anesthetized male Sprague-Dawley rats were injected intravenously with native and PEth-modified HDL particles. Retro-orbital blood (0.3 mL) was collected into EDTA-containing tubes for VEGF determinations.
Isolation and Labeling of Lipoproteins
Lipoproteins were isolated from plasma by sequential ultracentrifugation on the basis of their density, as described. 26 -28 PEth was labeled, 29 extracted, 30 and separated by thin-layer chromatography (TLC). Iodination of the PEth-HDL was performed using IODO Beads Iodination Reagent (Perbio Science).
Chemical Analyses
Plasma and lipoprotein compositions were determined by kits of Roche Diagnostics GmbH (cholesterol, triglycerides), Wako Chemicals GmbH (phospholipids), and Bio-Rad Laboratories (proteins).
Cell Culture Experiments
Human endothelial EA.hy 926 cells were grown under standard conditions and incubated for different time points in the serum-free medium containing ethanol, phosphatidylcholine (PC), PEth, HDL, PEth-HDL, or alcoholic HDL.
Determination of PEth-HDL Cell Association and Selective PEth Uptake
EA.hy 926 cells were incubated for 5 hours with [125I]PEth-HDL and [14C]-labeled PEth-HDL, and the cell association of PEth-HDL and selective PEth uptake was determined, as described previously, detailed by Acton and Rigotti. 31
Immunoassays
The VEGF concentration was measured from the human and rat plasma and cell culture medium by kits of R&D Systems.
Western Blot Analysis of PKC and p44/42 MAPK
Statistical Analysis
The results are expressed as means and standard deviation (SD). The statistical significance of the differences between the means was assessed by independent samples 2-tailed Student t test or 1-way analysis of variance (ANOVA, Tukey test), as appropriate. Pϭ0.05 was considered significant.
Results

Characteristics of the Study Subjects
Age, body mass index (BMI), and daily alcohol intake data for the subjects are shown in Table I . Age and BMI did not differ between the groups, nor did VLDL cholesterol, plasma total triglyceride, or serum bilirubin concentration. The alcoholics had a 19% lower total cholesterol concentration (PϽ0.002) and a 39% lower LDL cholesterol concentration (PϽ0.0001) than the controls. The HDL cholesterol concentration was 28% higher in the group of alcoholics than in controls (Pϭ0.062).
VEGF Concentration in the Plasma of the Study Subjects
To examine the hypothesis that alcohol drinking is capable of affecting the VEGF secretion or concentration in circulation, we collected plasma samples from controls and alcoholics. The plasma VEGF concentration was 39% higher in the alcoholics (74Ϯ37 pg/mL, nϭ17) than in the controls ( Figure  1a ) (53Ϯ23 pg/mL, nϭ17, Pϭ0.056), although there was pronounced overlapping.
PEth Increases the Plasma VEGF Concentration in Rats
To prove that PEth present in lipoprotein particles increases the secretion of VEGF in vivo, the effects of PEth-modified HDL on plasma VEGF concentration were determined in vivo in rats. One group of rats (PBS) was injected intravenously with PBS buffer, whereas another group (control HDL) received injections of human HDL isolated from control subjects. The third group of rats (alcoholic HDL) was injected with HDL isolated from the plasma samples of alcoholics, and the fourth group (PEth-HDL) received intravenous injections of control HDL containing PEth added in vitro. Alcoholic HDL increased the plasma VEGF concentration 2-fold (from 41Ϯ5 to 79Ϯ8 pg/mL, PϽ0.003) compared with the control rats (PBS) 2 hours after the injection ( Figure  1b ). PEth-HDL increased the VEGF concentration by 144% (from 41Ϯ5 to 100Ϯ19 pg/mL) compared with the control rats (PBS) 3 hours after the injection (PϽ0.0001).
Transfer of PEth From HDL Into Endothelial Cells
To find out if PEth is transferred from HDL particles into the endothelial cells, we used radiolabeled PEth-HDL particles. 125 I-PEth-HDL was used to follow the fate of the protein component and 14 C-PEth-HDL was used to determine the fate of the phospholipid component. To determine PEth-HDLO cell association (binding and internalization) and selective PEth uptake, we compared the fates of the phospholipid and protein components (Table) . Heparin was used to separate the binding of HDL to a cell surface from the amount of internalized HDL. Lipoprotein binding was performed at 37°C and the cell-surface HDL release was determined at 4°C. Selective PEth uptake from HDL particle to the endothelial cells was more efficient (0.62% of the radioactivity) than the uptake of intact PEth-HDL particles (0.22% of the radioactivity) (PϽ0.004).
Secretion of VEGF From Endothelial Cells
VEGF is an angiogenic growth factor and potentially also an endogenous vascular protective factor. 32 Previous studies have shown that PEth formation in mononuclear cells is accompanied by responses in cell function. 22 We hypothesized that PEth, either formed inside cells or associated with lipoproteins taken-up by cells, enhances VEGF secretion from cells. To test this hypothesis, we treated EA.hy 926 endothelial cells with different HDL particles and PEth liposomes. The VEGF concentration in the cell culture medium was 14% higher in the presence of alcoholic HDL (2.4Ϯ0.4 pg/mL) than in the presence of control HDL (2.1Ϯ0.2 pg/mL) (Figure 2a, PϽ0.05) . The VEGF concentration in the cell culture medium was not affected by the presence of ethanol or HDL alone at the concentration of 0.2 mg/mL compared with nontreated cells (Figure 2b) . By contrast, the VEGF concentration in the medium increased significantly (from 2.4Ϯ1.3 to 3.6Ϯ0.4 pg/mL, PϽ0.04) when both HDL and ethanol were added together into the culture medium ( Figure 2b) . The same effect was produced by PEth-HDL particles, which increased the VEGF concentration by 2.4-fold as compared with the control cells (from 2.4Ϯ1.3 to 5.7Ϯ1.2 pg/mL, PϽ0.002) (Figure 2b ). The addition of ethanol into the medium did not further enhance the effect of PEth-HDL (Figure 2b ). To prove that the increasing effect of VEGF secretion is caused by PEth per se, another set of experiments with phospholipid liposomes was performed (Figure 2c ). The VEGF concentration in the cell culture medium was markedly increased in the presence of PEth (from 2.1Ϯ0.9 to 20.7Ϯ1.5 pg/mL, PϽ0.0002) ( Figure  2c) , whereas PC increased the VEGF concentration only from 2.1Ϯ0.9 to 5.2Ϯ3.0 pg/mL (PϽ0.05).
PEth Stimulates MAPK Kinase Activity in EA.hy 926 Cells
Ethanol induces in vitro angiogenesis by stimulating the MAPK activity in EA.hy 926 cells. 25 Therefore, the effect of PEth-HDL on the MAPK phosphorylation was investigated. As shown in Figure 3 , incubation of serum-starved EA.hy 926 cells in medium containing PEth-HDL for 10 minutes resulted in a 3.6-fold (PϽ0.006) increase in the MAPK (Erk1/Erk2) phosphorylation compared with control cells treated with PBS. HDL increased the Erk1/Erk2 phosphorylation by 3.3-fold (PϽ0.03) compared with control cells treated with PBS. The increase in the Erk1/Erk2 phosphorylation remained significantly elevated above control (PBS) levels when the cells were incubated with HDL for up to 15 minutes. PEth-HDL had a more extended effect on the Erk1/Erk2 phosphorylation than HDL alone. The phosphor- †The selective uptake of PEth from the HDL particles was calculated as the amount of HDL protein. 
PEth-HDL Heparin-Released Binding, PEth-HDL Holoparticle Uptake, and Selective HDL-PEth Uptake by EA.hy 926 Cells
PEth Stimulates PKC Activity in EA.hy 926 Cells
Because ethanol stimulates PKC activity in endothelial cells, 25 the effect of PEth-HDL on the PKC phosphorylation was investigated. As shown in Figure 5 , incubation of serum-starved EA.hy 926 cells in medium containing PEth-HDL for 10 minutes resulted in a 2.2-fold (PϽ0.05) increase in the PKC phosphorylation compared with control cells treated with PBS. HDL increased the phosphorylation by 2-fold (PϽ0.05) compared with control cells treated with PBS. PEth-HDL mediated stimulation of the PKC phosphorylation was slightly reduced by a PKC inhibitor Gö6983, but the result was not statistically significant (Figure 4a ).
PEth-Induced VEGF Secretion Is Inhibited by PKC and MAPK Inhibitors
Incubation of serum-starved EA.hy 926 cells for 15 minutes in a medium containing PEth-HDL increased VEGF secre-tion by 5-fold compared with cells treated with PBS ( Figure  4b ) (PϽ0.004). To ascertain whether the PEth-induced VEGF secretion is mediated through PKC and MAPK, the effect of inhibiting PKC and MAPK on this phenomenon was investigated. The maximal effect of the inhibitors was seen at the 15-minute time point (Figure 4b ). The increase in VEGF secretion induced by PEth-HDL was inhibited by 40% in the presence of the PKC inhibitor, Gö6983, and by 25% in the presence of the MAPK inhibitor, PD098059.
Discussion
PEth is formed in mammalian organs in the presence of ethanol and it is also present in the blood of subjects who have been drinking alcohol. 20, [33] [34] [35] PEth is formed especially in the lungs and the intestine, but also in vascular endothelial cells. 36 -38 The present study suggests that PEth affects vascular endothelial cells and may mediate at least part of the cardioprotective effects of ethanol. As a proof of principle, the present study demonstrates that lipoprotein-associated PEth increases the production of VEGF in endothelial cell cultures. VEGF was chosen as an end point marker because its function is considered beneficial in the later phases of atherosclerosis because of its ability to inhibit neointima formation. 32 In addition, moderate levels of ethanol induce the expression and secretion of VEGF in cultured vascular smooth muscle cells and chick embryo chorioallantoic membranes 25, 39 and ethanol, at least at high concentrations, induces the in vitro angiogenesis through PKC and MAPK signaling pathways in endothelial cells. 25 The present cell culture and animal experiments suggest that the increased plasma VEGF concentrations observed in alcohol drinkers may be caused by ethanol-induced qualitative alterations in the HDL particles of alcohol drinkers, and that this effect may be mediated by PEth through the MAPK and PKC signaling pathways.
The stimulation of the MAPK activity, as measured as an increase in the phosphorylation of Thr202/Tyr204 residues of Erk1/Erk2, was prolonged by PEth-HDL compared with the stimulation caused by native HDL. In addition, the partial inhibition of PEth-induced VEGF secretion by specific MAPK inhibitor PD098059 indicates that the MAPK pathway could be one of the signaling routes between PEth and VEGF secretion in endothelial cells. This is in accordance to a recent report in hepatocytes. 40 The PEth-induced stimulation of the phosphorylation of PKC and the partial inhibition by Gö6983 of the PEth-induced VEGF secretion from the endothelial cells indicate that the PKC pathway could also contribute to the PEth-induced VEGF secretion in endothelial cells. Moreover, this study gives a plausible explanation for the ethanol-induced increase in plasma VEGF level by demonstrating in an animal model that the addition of an ethanol-induced abnormal lipid, PEth, into HDL particles is also capable of elevating plasma VEGF levels. However, we cannot exclude the contribution of other compounds present in HDL isolated from plasma of alcohol drinkers, despite the apparent similarity in the VEGF response in vivo.
The present study provides evidence that PEth-HDL may interfere with the vascular endothelium in a different manner than native HDL. This qualitative difference leads into increased concentration of VEGF in plasma in vivo and also in endothelial cells, which line the blood vessel and are in close contact with smooth muscle cells and macrophages. All of these cells may sense changes in the environment when the composition and concentration of lipoproteins are altered, eg, by ethanol.
The mechanism of the cardioprotective effect of moderate alcohol drinking has been elusive. For most hours of the day, ethanol is not present in the body of a social drinker. Therefore, the direct effects of ethanol on vascular endothelial cells might be only temporary if they are confined to the period of ethanol abundance, even though PEth may be metabolized more slowly than PC. The relatively long halflife of lipoproteins may prolong the presence of PEth in the body from a few hours to several days even in an occasional drinker. 8, 19 This kind of "memory molecule" might help to explain the beneficial effects of light or moderate drinking on cardiovascular diseases. The effect of PEth may last even longer, because erythrocytes may act as a reservoir of PEth, 41, 42 and because this abnormal phospholipid is transported between lipoproteins, 23 lipoproteins may transport PEth from erythrocytes to vascular wall cells. 41 More sensitive methods are needed for the measurement of PEth content in lipoprotein fractions, however. This work is currently underway in our laboratory.
In conclusion, ethanol not only alters the quantity of lipoproteins or their components but also may cause incorporation of abnormal derivatives of lipids and proteins into lipoproteins, and may therefore have marked and sustained effects on all vascular cells. 43 Further studies are needed to elucidate more detailed mechanisms of how PEth regulates the VEGF function and secretion in endothelial and in other vascular cells.
